Dickstein, Daniel P.; Tone, Erin; and Pine, Daniel S., "Neural circuitry engaged during unsuccessful motor inhibition in pediatric bipolar disorder" (2007 Objective: Deficits in motor inhibition may contribute to impulsivity and irritability in children with bipolar disorder (BPD). Therefore, studies of the neural circuitry engaged during failed motor inhibition in pediatric BPD may contribute to our understanding of the pathophysiology of the illness. We tested the hypothesis that children with BPD and controls would differ in ventral prefrontal cortex (vPFC), striatal, and anterior cingulate activation during unsuccessful motor inhibition. We also compared activation in medicated vs.
Introduction
Deficits in motor inhibition might produce symptoms of impulsivity and affective aggression in pediatric BPD (1, 2) while also contributing to diagnostic confusion between attention deficit hyperactivity disorder (ADHD) and BPD (3) . The neural circuitry engaged during unsuccessful motor inhibition in pediatric bipolar disorder (BPD) is therefore of interest. Research on the pathophysiology of these shared motor symptoms could identify common and distinct neural mechanisms between ADHD and BPD. Finally, motor inhibition is mediated by the ventral prefrontal cortex (vPFC), striatum, and anterior cingulate, areas implicated in the pathophysiology of BPD (4) (5) (6) (7) (8) (9) (10) (11) (12) .
The current study selected regions of interest (ROIs) based on studies implicating common brain regions in BPD and motor inhibition. fMRI studies in adult BPD found patientcontrol differences in vPFC activation during various tasks (13, 14) (15, 16) . One study in children with both BPD and a family history of the illness found that, compared to controls, patients had increased vPFC activation while viewing emotional pictures or performing a spatial working memory task (17) . In the same study, children with BPD had greater anterior cingulate activation than controls during the spatial working memory task, consistent with fMRI (18, 19) studies in bipolar adults. With regard to the striatum, four studies in BPD (two of adults, two of youth) reported increased activation in patients vs. controls.
We studied vPFC, striatal, and cingulate activation in children with BPD who performed an event-related version of the stop signal task, a motor inhibition paradigm used to study ADHD (20) . Because the failure to appropriately inhibit a motor response is an important symptom in pediatric BPD, we were particularly interested in circuitry engaged during unsuccessful motor inhibition. The stop signal paradigm includes two features that facilitate the study of such circuitry. First, the paradigm adjusts difficulty based on subject performance, so that all subjects fail to inhibit on approximately 50% of inhibitory trials. This ensures a relatively large number of unsuccessful inhibitory ("stop incorrect") trials to contrast with both successful inhibitory ("stop correct") trials and go trials. Second, all trials begin with a go signal, followed in approximately 25% of trials, by a stop signal. Thus, the contrast of "stop incorrect" vs. "go" trials controls for the presence of both a motor response and a go signal, thus isolating circuitry engaged during failed motor inhibition. In addition, the "stop correct" vs. "stop incorrect" contrast examines the circuitry engaged during successful inhibition. This contrast controls for stimulus properties (i.e. the presence of both go and stop signals), but not for the presence or absence of a motor response.
In research in this area, two potential confounds deserve particular attention: medication and comorbid ADHD. We recruited enough children with BPD to compare neural activation in medicated vs. unmedicated patients, and in those with vs. without ADHD. Such comparisons are rare in the literature. One fMRI study of adult bipolar patients compares unmedicated to medicated patients (REF Caliguiri). All other published fMRI studies in BPD include predominantly medicated subjects (NEED REFS). Similarly, while studies find comorbid ADHD in at least 60% of children with BPD (REF), previous fMRI studies have not compared activation in bipolar children with and without comorbid ADHD.
We used rapid event-related fMRI and the stop signal task to study motor inhibition in children with BPD. Given the clinical importance of failed motor inhibition in pediatric BPD, we focused on circuitry engaged during unsuccessful inhibition. Because the vPFC, anterior cingulate, and striatum have been implicated in both motor inhibition and BPD, we hypothesized that patients and controls would differ in activation in these regions. In addition, we compared activation in medicated patients vs. unmedicated patients, and in bipolar patients with ADHD (BPD+ADHD) vs. those without ADHD (BPD-ADHD).
Methods

Subjects
The patient group consisted of XX youth recruited via advertisements to patient advocacy groups. All patients met DSM-IV diagnostic criteria for BPD and exhibited the narrow phenotype of BPD, in that each had a history of at least one hypomanic or manic episode meeting full duration criteria and including expansive, elevated mood(3). Patients were excluded if they had severe Pervasive Developmental Disorder, substance use within the past 3 months, or IQ<70. A best-estimate diagnostic approach was used, as described elsewhere (give ref), integrating data from the Schedule for Affective Disorders and Schizophrenia (K-SADS-PL(21); parent and child were interviewed separately by clinicians, master's level or above, with kappa > 0.9), treating physicians, and medical records. Comorbid diagnoses were assigned only if the patient met criteria for the comorbid diagnosis while euthymic. Thus, the diagnosis of comorbid ADHD could not be due to the overlap between symptoms of ADHD and those of mania or hypomania.
Of the XX patients scanned, data from 26 were usable. A priori exclusion criteria included inadequate task performance (i.e., < 65% correct on go trials) or excessive movement (> 2.5 mm in any plane). Data were not usable for YY patients, and the clinical data provided below includes only the 26 patients with usable scanning data.
Comorbid disorders were common (Table 1) . Fifteen patients (58%) had a comorbid diagnosis of ADHD. Clinicians completed mood ratings (Young Mania Rating Scale (YMRS) (22) and Children's Depression Rating Scale (CDRS)(23)) within 24 hours of scanning (Table 1) . Five patients were hypomanic (YMRS score>12 but<=20) and the remaining 21 were euthymic. Thirteen patients (50%) were medicated (for medication types, see Table 1 ).
Controls comprised 26 youth with no K-SADS-PL(24) diagnosis, no DSM-IV diagnoses in first-degree relatives (family history was ascertained by parent interview), no use of psychoactive substances, and IQ>70. Of the 26 scanned controls, data from 17 were usable.
Groups did not differ significantly on age, gender, or IQ(25) ( Table 1 ). The study was approved by the NIMH IRB; participants and a parent provided written informed consent/assent.
Behavioral Task
The task was based on previously published work (26, 27) . On all trials, a white fixation cross appeared for 500 ms; it was replaced by an "X" or "O" "go-signal" for 1000 ms (Fig.1) . Using a button-box, subjects pressed "1" for "X" and "2" for "O". Subjects were told to respond within 1000 ms, unless the background changed to red, which occurred on 25% of the trials (i.e. stop trials). In these instances, they were instructed not to press either button.
On the first stop trial, the stop signal appeared 250 ms after the go-signal. Subsequent stop-signal timing was based on subject performance. If the subject successfully inhibited, the next stop signal appeared 50 ms later, making inhibition more difficult; if the subject failed to inhibit, the signal appeared 50 ms earlier, making inhibition easier. Trials were separated by 750 ms.
Prior to scanning, subjects were trained to achieve a mean reaction time (RT) less than 1000 msec on "go" trials and successful inhibition on 40-60% of stop trials. Subjects received feedback after each block during scanning; they were told to decrease their reaction time if the mean exceeded 1000 ms.
Scanning acquisition
Scanning occurred in a GE Signa 3Tesla magnet at NIMH. Head movement was restricted with padding; images were presented via Avotec Silent Vision Glasses (Stuart, FL). 
Data Analysis
Behavioral data
The following were recorded during scanning: RT and accuracy on go trials (GoRT), accuracy on stop trials, and inhibit delay (i.e. interval between the onsets of the go and stop signals). The stop signal reaction time (SSRT), or speed of inhibition, was calculated. When a subject inhibits successfully on 50% of stop trials, the SSRT is the mean GoRT minus the mean inhibit delay (27, 28) . Since subjects' accuracy on stop trials may deviate from 50%, an interpolation algorithm was used to calculate SSRT: the mean stop signal delay was subtracted from the GoRT at the x th percentile, where x is the subject's % accuracy on stop trials.
Imaging data
Primary analyses
Analyses were conducted with SPM99b. Preprocessing included slice time correction, motion correction, and spatial normalization. At the subject level, event-related response amplitudes were estimated using the General Linear Model (GLM). Event types included unsuccessful stop ("stop-incorrect"), "correct-go" ("go"; N.B. hereinafter, "go" refers only to correct go trials), and successful-stop ("stop-correct") trials. A rectangular pulse (2250 msec, the length of each event) was used to model each event, convolved with the hemodynamic response function provided by SPM. A high pass filter of .024 Hz was applied.
Contrast images were created for each subject using pairwise comparisons of eventrelated response amplitudes. The primary analysis was activation on stop-incorrect vs. go trials, in BPD vs. controls. We also compared activation on stop-correct vs. stop-incorrect trials, in BPD vs. controls. For both contrasts, subsequent analyses compared medicated patients to controls, unmedicated patients to controls, and unmedicated to medicated patients.
In addition we compared BPD+ADHD to controls, BPD-ADHD to controls, and BPD+ADHD to BPD-ADHD on both contrasts.
Prior to group analysis, each contrast image was proportionally scaled. These normalized contrast images were smoothed using an isotropic Gaussian kernel (FWHM = 11.4 mm). A group level random effects model was employed to provide population levelinference.
A small volume corrected, ROI analysis was used: the ROIs were bilateral vPFC, striatum (accumbens, caudate, putamen), and anterior cingulate. Significance was set at p<.05.
ROI templates were defined on the canonical single subject's structural MRI images supplied by SPM99. Templates were defined using 
Results
Behavioral Data
There were no between-group differences in mean inhibit delay, go RT, stop accuracy, or SSRT, but patients had significantly lower go accuracy than controls (Table 2 ). In the fMRI analysis, to control for between-group differences in stop and go accuracy, only correct go trials were used; stop-correct and stop-incorrect trials were analyzed separately. There were no significant behavioral differences between unmedicated and medicated patients, or between BPD+ADHD vs. BPD-ADHD.
Imaging data
Stop incorrect vs. go
All bipolar patients vs. controls: Bipolar patients did not show increased activation relative to controls in any ROI. However, controls had greater activation than patients in caudate, putamen, accumbens, and vPFC (Table 3) .
Effect of medication:
There were no significant differences between unmedicated and medicated patients in any ROI. The comparisons of controls vs. medicated patients, and of controls vs. unmedicated patients, yielded similar results. That is, controls had greater activation than unmedicated patients in accumbens, caudate, and putamen, with a trend toward increased activation in vPFC (Table 3) . Similarly, controls had greater activation than medicated patients in left accumbens, left caudate, and right vPFC, with a trend toward greater activation in right accumbens (Table 3) .
Effect of comorbid ADHD:
There were no significant differences between BPD+ADHD and BPD-ADHD in any ROI. Controls had greater activation than did BPD+ADHD in striatum (bilateral accumbens, caudate, and putamen), as well as bilateral anterior cingulate and vPFC (Table 3 ). The differences between controls and BPD-ADHD were limited to the striatum, with controls having greater activation in bilateral accumbens and left caudate, with a trend toward greater activation in left putamen (Table 3) .
Stop correct vs. stop incorrect
All bipolar patients vs. controls: With all bipolar patients included in the analysis, patients had increased activation compared to controls in the right vPFC (Table 3 ). Patients and controls did not differ on any other ROI.
Effect of medication:
,There were no significant differences between medicated patients and controls in any ROI. However, unmedicated patients had significantly greater activation than controls in bilateral accumbens, caudate, and putamen, in right OFC, and in right anterior cingulate (Table 4) . Similarly, unmedicated patients had significantly greater activation than did medicated patients in bilateral accumbens, left putamen, and right caudate ( Table 4) .
Effect of comorbid ADHD:
, There were no significant differences between BPD-ADHD and controls in any ROI. However, BPD+ADHD had greater activation than controls in right accumbens, right putamen, and right vPFC (Table 4) . BPD+ADHD also had greater activation than BPD-ADHD in bilateral accumbens, putamen, and vPFC, and left caudate (Table 4) .
Across-condition comparison at peak voxels
These results indicate greater striatal and right vPFC activation in controls than patients in the stop incorrect vs. go contrast, and greater striatal and right vPFC activation in patients than controls in the stop correct vs. stop incorrect contrast. These findings could both be due to increased striatal and vPFC activation in controls, compared to patients, on incorrect stop trials. 
Discussion
Given the importance of failed inhibition in the clinical presentation of pediatric BPD, we used rapid event-related fMRI to study the neural circuitry engaged during unsuccessful inhibitory trials. On such trials, controls showed greater bilateral striatal and right ventral prefrontal activation than did patients. While our findings were somewhat more prominent in unmedicated, compared to medicated, patients, and in BPD+ADHD, compared to BPD-ADHD, the findings did not differ significantly (?) among these subgroups of children with BPD.
Whereas SSRT did not differ between groups in these small samples, data from a larger sample indicate a trend suggesting that bipolar patients may be slower than controls to inhibit prepotent responses (34) . Moreover, data from related tasks indicate that children with BPD have deficits in motor regulation (34) . Neuroimaging and basic research implicate the striatum in the learning and execution of motor programs (35) . Recent research in adults indicates striatal engagement with increasing neurocognitive load (36) , and animal research suggests that striatal dopaminergic neurons produce error signals (37) . (this paragraph doesn't flowperhaps rewrite the preceding 3 sentences to soften the jump from deficient motor regulation to striatal function) Data presented here and elsewhere (34) suggest that motor inhibition deficits in pediatric BPD may reflect a failure to engage the striatum appropriately during failed inhibition.
Our finding contrasts with four studies showing increased, rather than decreased, striatal activation in patients with BPD vs. controls (38) (39) (40) (41) . Various factors could account for such inconsistencies. None of the studies finding striatal hyper-activation used a motor inhibition paradigm, although one(42) did employ an interference task. Moreover, we examined neural activation on a trial-by-trial basis in relation to subject behavior unlike prior studies in which behavioral data were not obtained (43, 44) , block designs were used (45) These results may elucidate how striatal dysfunction contributes to disinhibition and other affective and behavioral impairments in pediatric BPD. Patients with BPD have motor abnormalities in both depressed and manic states i.e., hyperactivity in mania and hypo-or hyperactivity in depression. Also, impulsivity is an important clinical feature of BPD, across mood states and between episodes. In adults with BPD, impulsivity is frequently associated with risky behavior such as substance abuse, present in 60% of adults with BPD (47) . In children with BPD, impulsivity is associated with irritability, and both are impairing across mood states (48) . Data in control children suggest that irritability and decreased motor inhibition may be related mechanistically: in controls, impaired motor inhibition (i.e., increased SSRT) is associated with increased intensity of experienced anger (49) . Speculatively, we suggest that the impulsivity seen in patients with BPD across the developmental spectrum is associated with failure to engage the striatum in situations requiring motor inhibition. If so, interventions that facilitate striatal engagement in such contexts might provide avenues to decrease impulsivity in BPD.
We found between-group differences in the right vPFC that, although less robust and consistent than those in the striatum, followed a similar pattern, in which controls showed greater vPFC activation than patients on failed inhibitory trials. The congruence of our vPFC and striatal findings is consistent with nonhuman primate research indicating significant structural and functional connections between the two regions (REF).
With one exception (Caligiuri), fMRI studies of neither children nor adults with BPD have examined the impact of either medication or comorbid illnesses on neural activation. Using a simple motor task, Caligiuri et al reported increased cortical and subcortical activation in bipolar adults that was normalized by medication. We also found that medication dampened patient-control differences, suggesting that studies of medicated patients might be prone to Type II, rather than Type I, errors. With regard to comorbid ADHD, we found that bipolar children with or without ADHD differed from controls in striatal activation during failed inhibition (i.e., on the stop incorrect vs. go contrast). However, on the stop correct vs. stop incorrect contrast, BPD+ADHD, but not BPD-ADHD, differed from controls, and BPD+ADHD differed from BPD-ADHD in activation on several ROIs. Thus, the impact of comorbidity on fMRI results in pediatric BPD can be complex, varying from contrast to contrast and, possibly, with the behavioral paradigm. Finally, it is unclear whether the pathophysiology of ADHD symptoms is the same in children with BPD and children with ADHD only or, alternatively, whether ADHD in children with BPD is a phenocopy of the more common forms of ADHD (50) . Indeed, whereas we found increased right vPFC activation in BPD+ADHD vs. controls on the stop correct vs. stop incorrect contrast, a study in ADHD children found that patients, compared to controls, had significantly reduced activation in the right inferior frontal PFC during successful inhibition (Rubia, AJP, 2005) . CHECK THIS Follow-up research should compare fMRI data from children with ADHD only to children with BPD. Also, further study is needed to ascertain the possible impact of mood state on our results. Since 18 of 22 patients were euthymic, the deficits we identified may be trait-related, but more definitive work is needed.
In sum, our data indicate that, compared to controls, children with BPD may have deficits in their ability to engage striatal structures and right vPFC during unsuccessful inihibition. These results may give clues to the pathophysiology of disinhibition and impulsivity in BPD. 1= Attention deficit hyperactivity disorder; 2= Oppositional defiant disorder or conduct disorder; 3=Only children on medication are included in this analysis; 4=includes oxcarbamazepine, topiramate, lamotrigine, carbamazepine, sodium valproate, clonazepam Note: Many areas of activation had multiple significant maxima within the cluster noted. In the interest of space, only the maximum with the highest t value is reported for each cluster. Note: Many areas of activation had multiple significant maxima within the cluster noted. In the interest of space, only the maximum with the highest t value is reported for each cluster. 
